Dorsiflexion at the first metatarsophalangeal joint during the propulsive period of the gait cycle is important for efficient foot function. [1] [2] [3] [4] [5] During the propulsive period of the gait cycle, the first metatarsophalangeal joint dorsiflexes 45°to 65°as the body pivots over the hallux, which is fixed on the ground. [6] [7] [8] This dorsiflexion is responsible for establishing the windlass mechanism, originally described by Hicks, 5 who demonstrated that dorsiflexion of the first metatarsophalangeal joint generated tension within the plantar aponeurosis (a fibrous tissue band originating at the calcaneus and inserting into the proximal phalanges of the foot) as it was pulled distally through its attachment to the proximal phalanx of the hallux. This tension caused an increase in the medial longitudinal arch height through first-ray plantarflexion and midtarsal and subtalar joint supination, resulting in the foot being a stable structure during propulsion. 9 Inadequate dorsiflexion at the first metatarsophalangeal joint during propulsion, therefore, has been cited as a major cause of abnormal foot function. [1] [2] [3] [4] [5] 10 Functional and structural deformities, including functional hallux limitus, 2-4, 11 hallux rigidus, 12-18 and hallux abducto valgus, 12, 13, [19] [20] [21] A pronated foot posture is considered to be a factor in limitation of dorsiflexion at the first metatarsophalangeal joint during weightbearing. Customized foot orthoses are widely used to increase dorsiflexion at the first metatarsophalangeal joint in people with pronated feet. However, the effect of foot posture and customized foot orthoses on maximum first metatarsophalangeal joint dorsiflexion has not been widely investigated. This study sought to determine 1) the relationship between foot posture and static maximum first metatarsophalangeal joint dorsiflexion and 2) the effect of customized foot orthoses on static maximum first metatarsophalangeal joint dorsiflexion in people with pronated feet. Foot posture was assessed using the Foot Posture Index. Static maximum first metatarsophalangeal joint dorsiflexion of the right foot was determined using a goniometer while participants stood relaxed with and without Blake-style inverted (30°) foot orthoses positioned under their feet. There was a significant negative correlation between Foot Posture Index and static maximum first metatarsophalangeal joint dorsiflexion (r = -0.587). Inverted (30°) foot orthoses increased the magnitude of static maximum first metatarsophalangeal joint dorsiflexion from 83.4°to 85.3°in participants with an excessively pronated foot posture. However, this difference was not statistically significant. People with pronated feet are more likely to exhibit limitation of dorsiflexion at the first metatarsophalangeal joint during gait, and inverted foot orthoses are unlikely to be effective in increasing dorsiflexion at the first metatarsophalangeal joint in these people. (J Am Podiatr Med Assoc 96(1): [32] [33] [34] [35] [36] [37] 2006) 
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Functional foot orthoses have been used successfully to alleviate symptoms associated with limited hallux dorsiflexion caused by excessive pronation. 24, 25 A major rationale for their use is that they increase the magnitude of dorsiflexion at the first metatarsophalangeal joint by restricting excessive pronation [26] [27] [28] [29] [30] [31] [32] [33] and facilitating first-ray plantarflexion. 7, 24, 25 Two studies 7, 34 have investigated the effect of foot orthoses on the magnitude of first metatarsophalangeal joint dorsiflexion in people with excessively pronated feet. In these studies, the use of customized foot orthoses did not increase the magnitude of first metatarsophalangeal joint dorsiflexion, either statically 34 or dynamically. 7 However, the orthoses used were standard midfoot-controlling (Root-style) devices that may not be as effective in controlling excessive pronation as more rearfoot-controlling inverted orthoses, such as the Blake-style device. 26 The aim of the present study, then, was to determine whether a correlation existed between foot posture (pronated, neutral, or supinated) and static maximum first metatarsophalangeal joint dorsiflexion. A secondary aim was to determine whether inverted foot orthoses increased static first metatarsophalangeal joint dorsiflexion in participants with an excessively pronated foot posture.
Materials and Methods

Participants
Participants were recruited from the staff and undergraduate student population of La Trobe University, Victoria, Australia. For the aspect of the study investigating the relationship between foot posture and static maximum first metatarsophalangeal joint dorsiflexion, 36 individuals (16 men and 20 women) aged 20 to 40 years (mean ± SD age, 22.3 ± 4.1 years) with a mean ± SD body weight of 69.5 ± 13.6 kg were recruited. From this sample, 12 individuals (7 men and 5 women) aged 20 to 40 years (mean ± SD age, 22.8 ± 5.8 years) with a mean ± SD body weight of 70.7 ± 14.4 kg and an excessively pronated foot type (Foot Posture Index ≥+4) 35 were used to investigate the effect of Blake-style inverted (30°) foot orthoses on static maximum first metatarsophalangeal joint dorsiflexion. Approval for the study was obtained from the Faculty of Health Sciences Human Ethics Committee of La Trobe University, and informed consent was obtained from all participants. Individuals were excluded from the study if they had any acute or chronic lower-limb pathology or a history of trauma or surgery of the right foot. Individuals were also excluded if they demonstrated less than 65°of passive nonweightbearing dorsiflexion at the first metatarsophalangeal joint of the right foot.
Equipment
A goniometer with 1°increments was used to measure static maximum first metatarsophalangeal joint dorsiflexion. Goniometer readings were covered with opaque tape to conceal them from the examiner who performed the measurements of static maximum first metatarsophalangeal joint dorsiflexion. A rigid shaft (4 × 35 × 150 mm) made of polypropylene and beveled 45°at one end was used to maximally dorsiflex the first metatarsophalangeal joint. Emery paper, affixed to the weightbearing surface under the participant's right foot, was used to create friction between the polypropylene shaft and the weightbearing surface ( Fig. 1) .
The orthoses used in this study were custom-made Blake-style inverted functional foot orthoses posted to 30°. 36 Participants with an excessively pronated foot type (Foot Posture Index ≥+4) 35 were placed in a cast at the start of the study using a neutral casting technique 37 and were issued a pair of orthoses generated with a computer-aided design/computer-aided manufacturing system (Computer Orthotic Laboratory, Mudjimba, Queensland, Australia). The manufacture of the orthoses with such a system ensured a very high level of consistency in the orthoses prescriptions. 38 
Procedure
Data for this study were collected during two test sessions, separated by at least 1 week. During the first session, foot posture and static maximum first metatarsophalangeal joint dorsiflexion were assessed. The postures of the participants' right feet were determined using the Foot Posture Index, as described by Redmond et al. 35 The Foot Posture Index consists of eight specific criteria: talar head palpation, supralateral and infralateral malleolar curvature, Helbing's sign, calcaneal frontal plane position, prominence in the region of the talonavicular joint, congruence of the lateral border of the foot, and abduction and adduction of the forefoot on the rearfoot. Each Foot Posture Index criterion was scored on a 5-point scale (range, -2 to +2) by each examiner. The eight scores obtained were then summed to give an overall foot posture score. The summed score had the potential to range from -16 (highly supinated) to +16 (highly pronated). 35 The Foot Posture Index measurements were performed by two independent examiners, with the average score being used for analysis. Previous studies 35, 39, 40 indicate that the clinical measurement of Foot Posture Index has moderate-to-high reliability when assessing adult populations.
Static maximum first metatarsophalangeal joint dorsiflexion of the participants' right feet was measured using a modified version of the technique originally described by Hogan and Kidd. 34 Their technique for the measurement of dorsiflexion at the first metatarsophalangeal joint assessed the angulation between the hallux and the plantar plane of the foot. Because participants with differing foot postures and, thus, different arch heights and metatarsal declination angles 41 were being studied, the first metatarsal shaft was used as the reference rather than the plantar plane of the foot. Participants were asked to stand in their normal angle and base of gait with their buttocks or shoulders just touching the wall behind them. Emery paper was positioned under the first metatarsophalangeal joint of the right foot of the participant and was affixed to the weightbearing surface using adhesive tape to prevent sliding of the polypropylene shaft as the hallux was dorsiflexed. The center of the first metatarsophalangeal joint and the proximal medial aspect of the first metatarsal were located and marked with a fine felt-tipped marker. The medial side of the first metatarsal was then bisected by drawing a straight line connecting the proximal metatarsal to the center of the metatarsophalangeal joint. The bisection of the first metatarsal was performed while the participants were weightbearing to avoid error associated with soft-tissue movement occurring when participants move from a nonweightbearing position to a weightbearing position. 42 A piece of polypropylene was then placed under the hallux, with its proximal beveled end positioned under the center of the first metatarsophalangeal joint. A goniometer was positioned with its distal arm resting on the piece of polypropylene and its proximal arm parallel to the first metatarsal bisection line. Participants were then again reminded to stand erect in their normal angle and base of gait with their shoulders or buttocks just touching the wall. This was done to ensure that the participants maintained a constant body posture because there was a tendency for the participants to alter their body posture as the first metatarsophalangeal joint was dorsiflexed. The shaft of polypropylene was then used to maximally dorsiflex the proximal phalanx of the hallux. Care was taken to ensure that the distal arm of the goniometer was kept in contact with the polypropylene shaft and that the proximal arm aligned with the first metatarsal bisection as the first metatarsophalangeal joint was dorsiflexed (Fig. 1) . The angle formed between the bisection of the first metatarsal shaft and the polypropylene used to dorsiflex the proximal phalanx was then measured by an examiner using the goniometer; the goniometer was then passed to an independent person not involved in any measurements for the study who read and recorded the value and replaced the arms to a parallel, 0°position. The measurement was completed three times by two independent examiners, and the average score was documented as the test result.
During the second test session, foot posture and static maximum first metatarsophalangeal joint dorsiflexion were assessed again to enable reliability calculations to be performed. Static maximum first metatarsophalangeal joint dorsiflexion in the presence of inverted (30°) foot orthoses was also assessed during the second session. The inverted (30°) foot orthoses were positioned under both feet of the participants, and the static maximum first metatarsophalangeal joint dorsiflexion of the participants' right feet was measured as previously described. The measurement was performed three times by two independent examiners, and the average score was used for analysis.
Data Analysis
The intrarater and interrater reliability of Foot Posture Index and static maximum first metatarsophalangeal joint dorsiflexion measurements were determined using the type (2,1) intraclass correlation coefficient (ICC) statistic with 95% confidence intervals (CIs). The relationship between Foot Posture Index and static maximum first metatarsophalangeal joint dorsiflexion was assessed using the Pearson product moment correlation coefficient. Differences in static maximum first metatarsophalangeal joint dorsiflexion in the presence and absence of inverted (30°) foot orthoses were investigated using a pairedsamples t-test. In all of the analyses, P < .05 was considered statistically significant. SPSS (version 10.1; SPSS Science, Chicago, Illinois) software was used for the analyses.
Results
The intrarater and interrater reliability of the measurements of Foot Posture Index and static maximum first metatarsophalangeal joint dorsiflexion were assessed using ICCs. For the Foot Posture Index measurement, the ICCs for the intrarater reliability of investigators 1 and 2 were found to be 0.95 (95% CI, 0.90-0.98) and 0.95 (95% CI, 0.88-0.98), respectively. The ICC for the interrater reliability of the Foot Posture Index was 0.95 (95% CI, 0.90-0.97). For the measurement of static maximum first metatarsophalangeal joint dorsiflexion, the ICCs for the intrarater reliability of investigators 1 and 2 were found to be 0.90 (95% CI, 0.80-0.95) and 0.87 (95% CI, 0.74-0.94), respectively. The ICC for the interrater reliability of the measurement of static maximum first metatarsophalangeal joint dorsiflexion was 0.89 (95% CI, 0.79-0.96). These results suggest that the measurements of Foot Posture Index and static maximum first metatarsophalangeal joint dorsiflexion were highly reliable.
For the aspect of the study investigating the relationship between Foot Posture Index and static first metatarsophalangeal joint dorsiflexion, the mean ± SD Foot Posture Index was 6 ± 3 (range, 1-12). The mean ± SD static maximum first metatarsophalangeal joint dorsiflexion measurement was 84.7°± 8°(range, 61°-96°). The correlation (r) between Foot Posture Index and static maximum first metatarsophalangeal joint dorsiflexion was -0.587 (P < .01). This finding indicates that a more pronated foot posture was associated with a reduced magnitude of static maximum first metatarsophalangeal joint dorsiflexion.
For the aspect of the study investigating the effect of inverted (30°) foot orthoses on static maximum first metatarsophalangeal joint dorsiflexion in participants with an excessively pronated foot posture (Foot Posture Index ≥+4), the mean ± SD Foot Posture Index was 7 ± 3 (range, [4] [5] [6] [7] [8] [9] [10] [11] [12] . The mean ± SD static maximum first metatarsophalangeal joint dorsiflexion measurements were 83.4°± 8.96°(range, 64°-94°) and 85.3°± 8.75°(range, 66°-99°) in the absence and presence of the orthoses, respectively (P = .061). These findings indicate that the inverted (30°) foot orthoses did not significantly affect the magnitude of static maximum first metatarsophalangeal joint dorsiflexion in participants with an excessively pronated foot posture.
Discussion
The results of this study show that a more pronated foot posture (increased Foot Posture Index) was associated with a reduced magnitude of static maximum first metatarsophalangeal joint dorsiflexion. Furthermore, inverted (30°) foot orthoses, first described by Blake, 36 did not significantly affect the magnitude of static maximum first metatarsophalangeal joint dorsiflexion in participants with an excessively pronated foot posture (Foot Posture Index ≥+4).
The finding that a more pronated foot posture is associated with a reduced magnitude of static maximum first metatarsophalangeal joint dorsiflexion is novel but supports the original theory of Root et al 1 that a pronated foot type may cause reduced first metatarsophalangeal joint dorsiflexion during gait by interfering with normal first-ray mechanics. To achieve more than 20°dorsiflexion at the first metatarsophalangeal joint, the first ray must plantarflex as the hallux dorsiflexes on the first metatarsophalangeal joint. 1 First-ray plantarflexion allows the first metatarsal head to glide in a plantar direction relative to the base of the proximal phalanx, which shifts the transverse axis of the first metatarsophalangeal joint dorsally, allowing the base of the proximal phalanx to articulate with the dorsal articular surface of the first metatarsal head, providing greater range of motion. 1, 22, 23, 43 Furthermore, plantarflexion of the first ray reduces the distance between the origin and the insertion of the medial slip of the plantar aponeurosis, resulting in reduced tension on the plantar aponeurosis and allowing dorsiflexion at the first metatarsophalangeal joint. 5, 9 However, closed-kinetic-chain foot pronation causes the first ray to dorsiflex as a result of increased ground reaction force, [44] [45] [46] which impedes first-ray plantarflexion, increases tension within the plantar fascia, and limits the range of first metatarsophalangeal joint dorsiflexion. 9, 23 Functional foot orthoses have been used successfully to manage symptoms associated with limited hallux dorsiflexion in people with excessively pronated feet. 24, 25 In our study, inverted (30°) foot orthoses did not significantly affect the magnitude of static maximum first metatarsophalangeal joint dorsiflexion in participants with excessively pronated feet (Foot Posture Index ≥+4). These results are in agreement with those of previous studies 7, 34 that demonstrated that midfoot-controlling (Root-style) foot orthoses do not significantly increase first metatarsophalangeal joint dorsiflexion. It is possible that a significant increase in dorsiflexion at the first metatarsophalangeal joint in the presence of inverted orthoses may have been achieved if participants with more pronated foot types were used. Furthermore, the orthoses used here did not have any additional features, such as a plantar fascial groove or a kinetic wedge, 47 that have also been suggested to facilitate first metatarsophalangeal joint dorsiflexion. Such features could be investigated in future studies. Finally, it is possible that foot orthoses have been effective in managing symptoms associated with limited hallux dorsiflexion by influencing other parameters at the first metatarsophalangeal joint, such as the force required to dorsiflex the hallux. In this regard, a recent study 48 demonstrated that the use of foot orthoses significantly reduced the force required to dorsiflex the hallux in people with symptoms associated with excessive pronation.
Our study should be interpreted in view of the limitation of being a static study of a dynamic structure. Nawoczenski et al 49 demonstrated that static maximum first metatarsophalangeal joint dorsiflexion was only moderately correlated to dynamic first metatarsophalangeal joint dorsiflexion (r = 0.61). A moderate correlation was also found between foot posture and static maximum first metatarsophalangeal joint dorsiflexion (r = 0.587). Other factors, such as first metatarsal length, metatarsal head shape, joint capsule mobility, and muscular flexibility, may also be important in influencing the range of dorsiflexion at the first metatarsophalangeal joint during weightbearing. 25 Furthermore, it was not possible to blind the examiners who were assessing static maximum first metatarsophalangeal joint dorsiflexion to the foot postures of the participants or the orthotic intervention. Although the examiners were not aware of the participants' specific Foot Posture Index scores, they observed the feet of the participants with and without the orthotic intervention. Finally, further research is required to determine when a decrease in hallux dorsiflexion becomes sufficient to cause symptoms. Variations in other factors, such as stride length, activity level, heel height, and surface angulation, are likely to be important. 22 Our research has potential clinical implications in that it demonstrates that people with pronated foot types are more likely to exhibit limitation of dorsiflexion at the first metatarsophalangeal joint. This may predispose these people to deformities such as functional hallux limitus, hallux rigidus, and hallux abducto valgus. Furthermore, the results of our study are in agreement with those of previous studies that suggest that customized foot orthoses are unlikely to be effective in increasing the range of dorsiflexion at the first metatarsophalangeal joint in people with pronated feet.
